Measurement of cerebrovascular reactivity (CVR) can give valuable information about existing pathology and the risk of adverse events, such as stroke. A common method of obtaining regional CVR values is by measuring the blood flow response to carbon dioxide (CO 2 )-enriched air using arterial spin labeling (ASL) or blood oxygen level-dependent (BOLD) imaging. Recently, several studies have used carbogen gas (containing only CO 2 and oxygen) as an alternative stimulus. A direct comparison was performed between CVR values acquired by ASL and BOLD imaging using stimuli of (1) 5% CO 2 in air and (2) 5% CO 2 in oxygen (carbogen-5). Although BOLD and ASL CVR values are shown to be correlated for CO 2 in air (mean response 0.11 ± 0.03% BOLD, 4.46 ± 1.80% ASL, n ¼ 16 hemispheres), this correlation disappears during a carbogen stimulus (0.36±0.06% BOLD, 4.97±1.30% ASL). It is concluded that BOLD imaging should generally not be used in conjunction with a carbogen stimulus when measuring CVR, and that care must be taken when interpreting CVR as measured by ASL, as values obtained from different stimuli (CO 2 in air versus carbogen) are not directly comparable.
INTRODUCTION
Over the past few decades, magnetic resonance imaging (MRI) has become an indispensable tool in health care, which is used for clinical diagnosis, treatment planning, and groundbreaking research. Recently, there has been a gradual move from solely using images (susceptible to subjective interpretation) toward acquiring quantitative data that can give more specific information on a per-subject basis, and that allows for better comparison between subject populations. One quantifiable measure of localized brain physiology is cerebrovascular reactivity (CVR), a measure of the ability of vasculature in the brain to respond to a stimulus. High CVR indicates the ability of the vasculature to provide a substantial increase in cerebral blood flow (CBF) and cerebral blood volume (CBV) in response to a given stimulus, both of which increase the rate at which freshly oxygenated blood perfuses the capillary networks in the brain. Cerebrovascular reactivity varies both between subjects and across different regions of an individual's brain. Reduced CVR has long been considered as a marker for cerebrovascular pathology and as a risk factor for stroke; [1] [2] [3] although CVR naturally decreases with age, 4 it can be further reduced as a result of stroke, 5 dementia, 6, 7 diabetes, 8 or severe depression. 9, 10 To be clinically feasible, methods of measuring CVR must be repeatable, tolerable for patients, and relatively quick to perform. Inhalation of carbon dioxide (CO 2 ) acts as an immediate vasodilatory stimulus with few contraindications and minimal associated cost. Mandell et al 11 have shown that there is a good correlation between CVR values as measured by arterial spin labeling (ASL, a noninvasive perfusion-weighted MRI technique that is sensitive to changes in CBF) and blood oxygen leveldependent (BOLD, sensitive primarily to CBV) imaging when the fraction of inspired oxygen is kept approximately constant. Cerebrovascular reactivity can often be calculated from the MRI data taken during CO 2 exposure for some other purpose, such as calibration of the BOLD response, [12] [13] [14] but it is important to be aware of any potential confounding factors that might affect CVR, including variations in the concentration of oxygen inhaled throughout the course of a scan. Several authors (including Cantin et al, 15 Donahue et al, 16 and Hamzei et al 17 ) have implicitly assumed that increasing the oxygen fraction of inspired air will have no effect on the measurement of CVR. The current study aimed to investigate this claim by acquiring values for CVR using ASL and BOLD during a single scan with stimuli of (1) 5% CO 2 in air and (2) 5% CO 2 in oxygen (carbogen-5).
Measuring Cerebrovascular Reactivity Arterial spin labeling can be used to acquire perfusion-weighted images without the necessity of injecting a contrast agent. By magnetically tagging inflowing arterial blood in the neck it is possible to track the tagged blood's path through the cerebral vasculature. If the T 1 of the labeled blood is known, then an absolute value for the CBF can be extracted. Arterial spin labeling imaging allows for fast repeat measurements and can measure speed as well as magnitude of CVR. However, it has a relatively low signal-to-noise ratio in comparison with BOLD imaging. Furthermore, ASL is still regarded as a research technique and as a result many clinical MRI scanners are not set up to perform ASL scans.
To overcome these issues, BOLD imaging has been increasingly investigated as an alternative method of measuring CVR. 11 The magnitude of a BOLD signal is reduced in the presence of deoxyhemoglobin, so BOLD imaging is an indirect measure of the local rate of blood delivery to the brain. This method has been used extensively to investigate which areas of the brain are involved in particular cognitive tasks; however, it can also be used to measure the reactivity of the cerebral vasculature to an external stimulus.
In this study, subjects breathed increased concentrations of CO 2 , known to increase both CBF and CBV. There is some indication that a mild hypercapnic stimulus induces a small change in cerebral metabolic rate of oxygen (CMRO 2 ) consumption in humans, 18 although this effect is not yet confirmed and has been disputed by some researchers. 19 Because the BOLD signal is sensitive to CBF and CBV, the BOLD response to a vasodilatory stimulus, such as CO 2 , can be used as a measure of CVR. However, the magnitude of the BOLD signal also depends on a number of additional parameters, including the equipment used and the chosen pulse sequence as well as resting CBF, CBV, venous oxygen saturation, and cerebral metabolic rate of oxygen. As a result, particular care must be taken when interpreting BOLD CVR data.
Some recent studies [15] [16] [17] have used carbogen gas that consists of CO 2 with balance oxygen for CVR quantification. However, during carbogen inhalation the arterial partial pressures of both CO 2 (PaCO 2 ) and oxygen (PaO 2 ) are significantly increased, causing the BOLD signal to be elevated through more than one mechanism; increased blood flow due to CVR and increased oxygen saturation of venous blood. The increase in the total oxygen content of the arterial blood during carbogen breathing, in the form of an increase in the partial pressure of oxygen in the arterial plasma, induces a relative increase in the venous saturation, resulting in a greater BOLD signal difference than that which would be caused by an increase in CBF alone. Although the increase in BOLD signal in response to carbogen inhalation does contain physiologic information, and has recently been used for estimating the BOLD calibration factor and cerebral metabolic rate of oxygen, 13, 20 this increase in BOLD signal does not reflect true CVR. The ASL signal however is sensitive only to CBF and is not dependent on blood oxygen saturation; thus, it may be more reliable than BOLD for measuring CVR. It is unclear whether CVR as measured by ASL will give consistent results between stimuli of CO 2 in air and CO 2 in oxygen.
The Bohr and Haldane effects, respectively, describe the impact of CO 2 concentration on oxygen binding to hemoglobin (Hb), and the reciprocal impact of oxygen concentration on CO 2 transport in the blood. In a high-oxygen/low-CO 2 environment (such as the lungs), Hb has an increased affinity for oxygen and the ability to transport CO 2 is reduced. These effects are reversed in lowoxygen/high-CO 2 environments such as those found in the tissues. Thus, Hb's transport abilities are finely tuned to effectively transport oxygen from the lungs to the tissues, and CO 2 from the tissues to the lungs. During hyperoxia, the tissues effectively become high-oxygen environments, affecting both the release of oxygen from Hb and the ability of the blood to transport CO 2 . During carbogen breathing, the situation is complicated even further as the lungs become a high-CO 2 environment (reducing Hb's affinity for oxygen) and a high-oxygen environment (increasing Hb's affinity for oxygen), whereas the tissues are essentially in the same state as the lungs (in comparison with normal air breathing). As a result of these competing and conflicting effects, the relationship between the alveolar partial pressures and the arterial partial pressures (the Aa gradient) will change, as will the relationship between the arterial and the tissue partial pressures.
Although the Bohr and Haldane effects are individually well understood, the interaction between them when both oxygen and CO 2 concentrations are simultaneously increased is exceptionally difficult to determine. Thus, the change in end-tidal measures of oxygen and CO 2 between air and carbogen breathing is not necessarily indicative of the change in the arterial or tissue partial pressures, which are driving the vasoactive effects.
MATERIALS AND METHODS
Nine healthy, nonsmoking volunteers were recruited for this study, mean age 25 ± 4 years, two females. Murphy et al 21 showed that between 6 and 10 subjects are required for single session trials in which ASL is investigated. Research was conducted in accordance with the Good Clinical Practice guidelines specified by the University of Oxford Clinical Trials and Research Governance unit. Ethical approval for the study was obtained from the Oxfordshire Research Ethics Committee A (reference 09/H0604/ 95) and all subjects gave written informed consent before taking part.
The study was performed on a 3-T Siemens Verio scanner (Siemens, Erlangen, Germany) using a 32-channel receive-only head coil. A single TI dual echo pulse sequence was used, allowing acquisition of data for both ASL and BOLD after a single radio frequency excitation (a short echo time gives an optimum signal for ASL, and a slightly longer echo time allows for BOLD imaging). A pseudo-continuous ASL scheme was used to magnetically tag spins at a labeling plane in the neck 22 (tag duration (t) of 1.4 seconds and postlabel delay time of 0.8 second). The labeling plane was placed between the upper and lower contortions of the vertebral arteries near the top of the neck, as shown in Figure 1A . An echo planar imaging readout was used for fast data acquisition, with the following parameters: repetition time ¼ 4 seconds, echo time (TE) (1) ¼ 16 ms, TE(2) ¼ 35 ms. In all, 23 slices were acquired for each subject (slice thickness 5.0 mm with an interslice gap of 0.5 mm; in plane resolution 64 Â 64 voxels). A voxel size of 3.0 Â 3.0 Â 5.0 mm was used where this was sufficient for the field of view to cover the whole brain. In two cases, voxel dimensions were increased to 3.4 Â 3.4 Â 5.0 mm to ensure full brain coverage.
Subjects wore a close fitting gas mask (8930 series; Hans Rudolph Inc., Kansas City, MO, USA) over the mouth and nose, which was connected to gas delivery apparatus as shown in Figure 1A . Medical air, 5% CO 2 in medical air, and carbogen-5 were delivered from compressed cylinders and gas flow (through tubes labeled as A, B, and C) was managed from the MRI control room such that gas delivery was kept at 25 L/min at all times. A sampling tube (E) was attached to the mask side of the filter (D) and gas composition was monitored using oxygen and CO 2 analyzers (models O 2 100C and CO 2 100C, respectively; Biopac Systems, Goleta, CA, USA
). An open-ended cylinder (F) of 1.5 m length and 10 cm diameter acted as a reservoir of the supplied gas, allowing subjects to breathe normally, at their own rates. The experimental protocol is shown schematically in Figure 1B ; blocks were chosen to have a 1-minute duration, as recommended by Yezhuvath et al. 23 Values for end-tidal partial pressure of CO 2 (PetCO 2 )-the concentration of CO 2 measured at the very end of expiration-were extracted from respiratory data as an average of the last three full breaths taken during each stimulus block. Average baseline PetCO 2 was visually determined for each subject. It has been shown that the change in PetCO 2 is a good proxy for the change in PaCO 2 , 24 so this information was used to deduce the change in PaCO 2 in units of millimeters of mercury (mm Hg), the standard unit in the field of physiologic pressure measurements.
An in-house MATLAB (MathWorks, Natick, MA, USA) script was used to separate the acquired data into distinct ASL and BOLD files. Features from the FMRIB Software Library (http://www.fmrib.ox.ac.uk/fsl/) [25] [26] [27] were used for brain extraction (BET, Brain Extraction Tool) and motion correction (MCFLIRT, Motion Correction using FMRIB's Linear Image Registration Tool). High-resolution (1 mm isotropic) structural scans of each subject were used to register each brain to MNI (Montreal Neurological Institute) standard space, using the MNI 152.2 mm template. This allowed each data set to be split into separate hemispheres, thus doubling the sample size to better examine any potential correlations (see for example Mandell et al 11 ). Functional data were registered to the subjects' high-resolution structural image (7 degrees of freedom) and to MNI standard space (12 degrees of freedom) using FLIRT (FMRIB's Linear Image Registration Tool). A high-pass filter cutoff of 240 seconds and a Gaussian spatial smoothing kernel of 5 mm were applied before running a generalized linear model analysis of the functional data using FEAT, the FMRIB Expert Analysis Tool. The generalized linear model was set up with five explanatory variables representing the following: (1) tag/control signal modulation, (2) CO 2 gas exposure, (3) carbogen gas stimulus, (4) interaction of CO 2 exposure with tag/control signal, and (5) interaction of carbogen with tag/control signal. Gas stimuli were modeled as gamma convolutions (phase ¼ 0 second, s.d. ¼ 30 seconds, mean lag ¼ 30 seconds) with temporal derivatives added and temporal filtering applied. Values for the ASL and BOLD signal were calculated from median values for coefficient of parameter estimates within gray matter in each hemisphere.
While the percentage change in signal acquired by the ASL method may be equated to that of CBF under normoxic conditions, a correction is necessary when the fraction of inspired oxygen is increased significantly, as discussed by Bulte et al. 28 This is due to the decrease in T 1 of arterial blood that occurs during increased PaO 2 , which results in a reduction in signal difference between tag and control images with respect to baseline that has not been caused by true changes in CBF. In addition, the tagging efficiency of the ASL sequence is reduced during hypercapnia due to the increased blood flow. To correct for these effects, we solved the Buxton general kinetic model 29 for continuous ASL where t4t þ Dt (all symbols have the same meaning as described in the paper by Buxton et al). An estimate for the equilibrium magnetization of blood, M 0B , was made for each subject by finding M 0 (of brain tissue) within a thalamus mask and applying the blood brain partition coefficient of 0.88 mL/g. 30 Other parameters used for this 3-T protocol were l ¼ 0. 
RESULTS
In general, participants responded well to the protocol, with only mild discomfort reported due to the slight resistance to breathing induced by the mask and the filter. One subject (4) requested the scan to be stopped toward the end of the final carbogen block. Although sufficient data had already been taken to perform the analysis, CVR values to carbogen gas for this subject, calculated in both hemispheres, were found to be outliers (defined as being more than twice the standard deviation from the group mean). Thus, both carbogen and CO 2 data from this subject were excluded from quoted group averages and further statistical tests. None of the subjects exhibited significant changes in breathing rate between the three gas mixtures. Table 1 contains respiratory data collected from the subjects during the scanning session. The PetCO 2 was increased by an average of 12.1±2.2 mm Hg during breathing blocks of CO 2 in air and by 10.2±2.5 mm Hg during carbogen blocks. The time courses of end-tidal pressures of CO 2 and oxygen from one representative subject are shown in Figure 2 , along with the BOLD signal changes. Maps of CVR for the same subject can be seen in Figure 3 .
Using a raw ASL signal, the average flow response to the CO 2 in air mixture appeared to be 34.1±21.5%; after performing the flow correction described above this was adjusted to 54.6±26.1%. For carbogen, the uncorrected flow increase was 21.5 ± 18.9% and the corrected flow increase was 52.4 ± 25.0%. Final results are summarized in Tables 1 and 2 Group mean values ± standard deviations are given at the bottom of the tables. Under stimulus of 5% CO 2 in air, mean values of CVR were 0.11 ± 0.03% BOLD, 4.46 ± 1.80% corrected ASL and under carbogen stimulus were 0.36 ± 0.06% BOLD and 4.97 ± 1.30% corrected ASL.
As shown in Figure 4 , CVR values calculated from BOLD and ASL acquisitions (after correction for variable T 1 and tagging efficiency) are correlated under CO 2 exposure (R 2 ¼ 0.33, P ¼ 0.02), but not for Figure 5 ). However even though there is a correlation between the results, the actual values for CVR are not consistent between the two gas mixtures, as demonstrated by the fitted line shown in Figure 5B , the equation for which is y ¼ 0.59x þ 2.36. This means that flow CVR values measured in response to one gas mixture cannot be directly compared with data obtained from a different gas stimulus.
DISCUSSION
The key findings of this experiment are that (1) the correlation observed between flow and BOLD CVR to a CO 2 in air gas mixture breaks down during carbogen breathing and (2) intrasubject flow CVR as measured by ASL is affected by the partial pressure of oxygen dissolved in the blood (PO 2 ) and is not consistent between the two gas stimuli.
Mean flow CVR to CO 2 in air in our study was 4.46 ± 1.80%. Some values obtained from gray matter in previous studies are 3.09±2.41% (25 subjects, 50 hemispheres), 11 3.35±1.63% (10 subjects), 32 and 4.5±1.3% (8 subjects), 33 all of which were performed under comparable conditions.
Values of BOLD CVR are more difficult to compare as the absolute BOLD signal recorded is strongly dependent on several parameters, including field strength of the scanner and TE; in our study, we recorded 0.11 ± 0.03% with TE ¼ 35 ms under similar conditions to 0.21±0.12% (25 subjects, 50 hemispheres), 11 0.87±0.29% (11 subjects), 32 and 0.31±0.08% (9 subjects), 23 all of which used 3-T scanners and TE ¼ 30 ms. Figure 4 shows that for the CO 2 in air gas mixture, there is some correlation between CVR as measured by BOLD and ASL. This is in agreement with the findings of Mandell et al 11 Figure 2 . Traces of end-tidal respiratory data from a representative subject (subject 3) and the corresponding BOLD signal time course of one voxel. The smooth black line is the BOLD signal change in arbitrary units, the dashed line shows the change in end-tidal partial pressure of carbon dioxide (CO 2 ) (DPetCO 2 ) with respect to baseline where each point is the maximum within an 8-second window; and the smooth gray line shows the change in end-tidal partial pressure of oxygen, defined as the minimum (also within the 8-second window). Note that the oxygen trace appears smoother because of the much smaller scale. Blue areas indicate periods of CO 2 exposure, red areas indicate periods of carbogen breathing. BOLD, blood oxygen level-dependent. Figure 3 . CVR maps of a representative subject (subject 3). The corresponding slice in the high-resolution T 1 -weighted structural image is also shown for comparison. Any voxels with ASL CVR 430% per mm Hg were assumed to be noise and set to 0. ASL, arterial spin labeling; BOLD, blood oxygen level-dependent; CVR, cerebrovascular reactivity.
that the increase in BOLD signal during hypercapnia is predominantly due to changes in CBF, even in patients with steno-occlusive disease. In our study, R 2 ¼ 0.33 and P ¼ 0.02 which is by no means conclusive; however, the results presented by Mandell et al had values of R 2 ¼ 0.69 and Po0.0001 using data from 50 hemispheres in 25 people, significantly more than our 16 data points, suggesting that the trend observed in our data is genuine.
There are very good theoretical reasons why BOLD signal response to carbogen inhalation should not be used to try to measure CVR. Cerebrovascular reactivity is a physiologic response to an increase in PCO 2 , and when using BOLD imaging during CO 2 exposure, the principal factor influencing the BOLD signal change is the concentration of deoxyhemoglobin in the blood due to an increase in CBF, giving an indirect measure of CVR. However during carbogen inhalation, PaO 2 also increases significantly, causing the BOLD signal to increase from its baseline value due to (1) increased CBF due to higher PaCO 2 and (2) an increase in the arterial oxygen concentration PaO 2 , both of which lead to higher venous oxygen saturation via independent mechanisms, as previously discussed by Prisman et al. 34 A carbogen stimulus reduces the concentration of deoxyhemoglobin by more than one mechanism, and as a result it is not possible to ascertain how much of the ensuing BOLD signal increase is due to CVR alone. Consequently, increasing PO 2 from baseline levels confounds the observed BOLD activation and obscures increases in signal which are due to elevated CBF alone. Indeed, after removal of the outlier the correlation between BOLD and flow CVR to carbogen gas completely disappears (see Figure 4) , with R 2 ¼ 1.58 Â 10 À 5 and P ¼ 0.99, showing that during a simultaneous increase in PO 2 and PCO 2 during a carbogen stimulus an increase in BOLD signal does not primarily reflect an increase in CBF.
Arterial Spin Labeling and Carbogen
The remaining question is whether ASL can be used to reliably measure CVR to CO 2 during carbogen inhalation. From Figure 5B , there does not appear to be a simple 1:1 relationship between flow CVR to CO 2 in air and flow CVR to carbogen, although with R 2 ¼ 0.66, Po0.001 the two methods are relatively strongly correlated. This shows that the higher oxygen content of carbogen gas has a non-negligible effect on CBF. A higher PvO 2 indicates an oxygen-rich environment in which CO 2 has a lower affinity to Hb (Haldane effect). In addition, the high PaCO 2 causes Hb to release much of its bound oxygen (Bohr effect), further increasing PvO 2 . This combination of physiologic effects creates a much more complex situation than a simple increase in PaCO 2 and the two stimuli should not be expected to yield comparable values, as shown by our results.
Naïvely, as the CO 2 content of both gas stimuli was the same at 5%, one might assume that both gas mixtures would cause an equal increase in CBF due to CO 2 , and that the additional oxygen in carbogen would act as a vasoconstrictor. Thus, one might expect flow CVR to carbogen to be consistently lower than that to CO 2 in air. Figure 5B shows that for our data this is not the case; in fact, average flow CVR to carbogen (4.97±1.30%) is slightly higher than that to CO 2 in air (4.46 ± 1.80%). This emphasizes the complex nature of the interaction between the Bohr and Haldane effects and the pitfalls of treating oxygen and CO 2 content of gas mixtures as separate properties that can be considered in isolation.
Potential Concerns and Future Work A potential confound of using carbogen gas in any study is that the interplay between the Bohr and Haldane effects is likely to influence the arterial-alveolar diffusion gradient in the lungs and thus affect the process of gas exchange. In this situation, recorded end-tidal partial pressure values may no longer be accurate indicators of PO 2 and PCO 2 of arterial blood (as has been assumed). Furthermore, arterial partial pressures will have a different relationship to partial pressures in the tissues, the latter being the actual variables of interest.
In this study, we estimated a value of the calibration constant M 0B of arterial blood for each subject based on the BOLD signal within a thalamus mask. Improved estimation of this parameter may improve the T 1 correction to measured blood flow and flow CVR during epochs of breathing oxygen-enriched air, such as carbogen. This could be done by an additional short calibration scan, which can acquire a value of M 0 for each voxel in the brain.
We have used the Buxton model 29 to correct for the changes in T 1 that occur due to an increased concentration of inspired oxygen and the effect that this has on CBF quantification, also taking into account variations in tagging efficiency between normocapnic and hypercapnic states. The fitted line in Figure 5B has equation y ¼ 0.59x þ 2.36 (R 2 ¼ 0.66, Po0.001), which clearly differs from the previously assumed y ¼ x; however, with our relatively small data set and potentially imperfect T 1 correction, the possibility that a 'true' population fit may yield a 1:1 relationship cannot be definitively excluded. This could support a recent finding by Xu et al 35 that CBF appears to be unaffected by hyperoxia. The uncertainty around the flow correction and the conclusions that could be drawn from Figure 5B highlight the importance of giving proper consideration to the change in blood T 1 due to varying oxygenation. However, the fact remains that neither raw ASL values nor corrected flow values (using the current method of correction) obtained from carbogen inhalation yield comparable CVR results to the traditional stimulus of CO 2 exposure, a finding which is of clinical importance. An experiment investigating BOLD and ASL signal changes to a variety of inspired oxygen fractions during CO 2 exposure may provide further insight into the effect of oxygen on CVR.
In conclusion, BOLD imaging should not be used in conjunction with a carbogen stimulus to measure CVR because the high oxygen content of carbogen makes it impossible to identify what proportion of the ensuing increase in BOLD signal is due to increased blood flow (as opposed to simply an increase in venous oxygen saturation). The complex and unknown interactions between the individually well-documented Bohr and Haldane effects become significant during carbogen inhalation, with the result that PetCO 2 may no longer be a good proxy for tissue PCO 2 . In addition, hyperoxia reduces the T 1 of blood so an additional correction must be applied to obtain CBF values from ASL data. We have found that intrasubject flow CVR as measured by ASL is affected by PO 2 and is not consistent between CO 2 in air and carbogen. Although the possibility remains that this inconsistency could be a result of imperfect estimation of tissue pressure of CO 2 and CBF under a combined hyperoxia and hypercapnia regime, particular care should be taken when comparing flow CVR values obtained from stimuli containing different fractions of oxygen. 
